The ongoing effusive phase of the eruption of Sinabung Volcano (Sumatra, Indonesia) began in late December 2013, and has produced a 2.9 km long andesitic lava flow with two active secondary summit lobes, frequent pyroclastic density currents (PDCs) (with ≤5 km runout distance), and associated plumes up to 5 km in height. Large intermediate to silicic composition lava flows of the type documented here are common at volcanoes around the world, but they are infrequently observed while active. This eruption provides a special opportunity to observe and study the mechanisms of emplacement and growth of an active andesitic lava flow. We use visible and thermal satellite images to document the flow and describe the dominant processes driving emplacement of the lava over the course of the eruption. Effusion and flow advance rates were at their highest in January- . Initial flow emplacement was most likely controlled by the yield strength of the flow crust, which we estimate to have increased in thickness from 1 to 4 m during JanuaryJune 2014, calculated from average flow surface temperatures that decreased from~60°C to b30°C during this period. Further decrease in flow advance rate in June 2014 to~1 m d −1 suggests that the flow's interior had cooled, and that propagation was limited by the yield strength of the flow's interior (core). Inflation of the flow during this period of core-controlled slow advance eventually caused lava to overtop ridges bounding the flow near the summit, and created significant gravitational instabilities. These instabilities led to collapse of the upper portions of the lava flow and generated PDCs, followed by breakout of new flow lobes from the collapse scars in October 2014 and June 2015. Effusion continues as of June 2017 and presents a significant hazard for collapse and generation of PDCs. This ongoing activity appears to represent a typical eruption of Sinabung, with flow length and area similar to numerous older flows observed around the volcano.
Introduction
The ongoing effusive eruption at the 2640-m-high Sinabung Volcano, located in the Karo Regency of the North Sumatra Province of Indonesia ( Fig. 1) , offers an opportunity to observe the emplacement of a relatively high SiO 2 andesite lava flow (~60%, Nakada et al., 2017) and study the associated processes. In this paper, we identify and explore the different styles of lava flow emplacement that have occurred at Sinabung, and show the relationships between these styles and effusion and flow advance rate. We also apply simple models of flow advance to infer material properties of the lava. Our methods highlight the value and limitations of satellite remote sensing for monitoring eruptions and estimating a range of eruption quantities, such as effusion rate, lava viscosity, and lava yield strength. Our results can be used to better understand the continued hazards associated with the Sinabung eruption, and better anticipate eruption processes and hazards during effusive eruptions at similar volcanoes in the future.
Current eruption of Sinabung
Lava flows and accompanying PDCs are the most common eruptive deposits at Sinabung (Prambada et al., 2010) . Multiple older flows can be observed in a 5 m (spatial resolution) digital elevation model (DEM) of the volcano from 2010 (Fig. 1) . The current effusive eruption of Sinabung Volcano began on December 18, 2013, following four months of increasingly explosive activity (Gunawan et al., 2017; Pallister et al., this issue) . Nakada et al. (2017) report that the composition of the lava is a hornblende pyroxene andesite. Erupting lava first formed a lava dome (first dome growth and collapse phase; Pallister et al., this issue) (Fig. 2a) , which completely collapsed on 10 JanuaryObservatory noted that the flow was 1.5 km long on 31 January 2014, and 2.4 km long on 13 March (Global Volcanism Program, 2014a) . During this period of lava flow advance, collapses of the unstable flow front were common and produced block-and-ash style PDCs that travelled up to 5 km from the vent and had associated plumes up to 5 km tall (Pallister et al., this issue) . At their peak, tens to hundreds of PDCs occurred each day (Global Volcanism Program, 2014a) .
By 6 April 2014, the flow had advanced only another 100 m, and was 2.5 km long (Global Volcanism Program, 2014a) . From April through September 2014, PDC activity was relatively low compared to earlier in the year, and the lava flow reached 2.9 km in length in mid-September (Global Volcanism Program, 2014b; Carr et al., 2018) . On 22 September 2014, the flow front was 100 m thick and the upper part of the flow had filled the valley that initially channeled the lava to a thickness of up to 160 m (Carr et al., 2018) .
Beginning on 30 September 2014 and continuing through the end of the year, a large collapse on the south side of the upper part of the flow renewed PDC activity (Global Volcanism Program, 2014b) (Fig. 2b and  c) . A new lava lobe grew out of the scarp (Fig. 2c) , and collapses of all or part of this lobe generated numerous PDCs (Global Volcanism Program, 2014b) . Activity decreased in early 2015 until a similar collapse and lava lobe outbreak occurred on 2 June 2015, on the east side of the upper flow (Global Volcanism Program, 2016) . These collapses and new flow lobes cut off the original flow from the vent and it remains 2.9 km long (Global Volcanism Program, 2015) . As of this writing (June 2017), effusion of fresh lava is ongoing and PDCs and Vulcanian-style explosions occur daily (Global Volcanism Program, 2017; Nakada et al., 2017 ).
Emplacement of intermediate to silicic lava flows
Laboratory and field data paired with flow models demonstrate that the advance of a lava flow can be limited, or controlled, by the Newtonian viscosity of the lava or the yield strength of either its crust or its interior, depending on the relative rate of flow advance compared to the rate of flow cooling (Griffiths and Fink, 1997) . Thus the advance rate of an active flow can be used to constrain physical parameters controlling emplacement. Flow advance also controls flow morphology and can vary depending on effusion rate, viscosity, and the slope of the underlying terrain (e.g., Lyman et al., 2004) . Lyman et al. (2004) demonstrated that as the advance rate of a flow increases relative to its cooling rate, the flow will become more elongate and uniform and less likely to develop multiple flow lobes. Fink and Griffiths (1998) investigated the morphology of 20th-century lava dome eruptions and showed that silicic lava domes can have a variety of forms, and that the morphology can change during prolonged eruptions. Castruccio et al. (2013) used flow advance rate observed during eruptions along with three simplified models of lava flow advance to identify the dominant mechanism controlling flow advance. Basaltic flows tend to be controlled either by the lava's internal viscosity or the yield strength of the crust depending on effusion rate and eruption duration. The emplacement of andesitic flows tends to be controlled by either the crust yield strength (Lonquimay, Chile, 1988 -1990 or the yield strength of the flow interior (Santiaguito Volcano, Guatemala, 1999 -2001 Colima Volcano, Mexico, 1998 (Castruccio et al., 2013) . Estimates of yield strength by Castruccio et al. (2013) show a roughly two orders of magnitude difference between basaltic and andesitic flows for both the crust Castruccio et al. (2013) . Castruccio et al. (2013) attribute this difference to the fact that Kerr and Lyman (2007) do not account for slope and use an exponentially decreasing effusion rate, whereas Castruccio et al. (2013) use two separate power laws to approximate the temporal evolution of the effusion rate. This comparison also shows that estimated yield strengths can vary by almost an order of magnitude depending on the assumptions that are applied. Additional implications of Castruccio et al. (2013) suggest that the controlling factor can transition between mechanisms based on variations in effusion rate during an eruption. Previous work on active flows at Cordón Caulle Volcano in Chile and Santiaguito have shown that despite a many orders of magnitude difference in viscosity, intermediate and silicic composition flows behave similarly and can have similar properties and appearance to basaltic flows, albeit on different spatial and temporal scales. Harris et al. (2002 Harris et al. ( , 2004 ) describe a dacite flow at Santiaguito with well-developed levees that was able to travel nearly 4 km from the vent despite effusion rates b1 m 3 s −1 and exhibited "caterpillar-track-type" flow advance at the front, a process shared with basaltic 'a'ā flows. Tuffen et al. (2013) observed breakout lobes at the Cordón Caulle rhyolite flow, reminiscent of compound basaltic flows.
Methods

Satellite images
Both visible and thermal satellite images provide means to document the emplacement of the Sinabung lava flow. We use sequential visible daytime images (submeter resolution) from Google Earth™ to measure the length and surface area of the flow. Thermal infrared (TIR) images are from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and the Moderate Resolution Imaging Spectroradiometer (MODIS) instruments on the Aqua (MODIS) and Terra (ASTER and MODIS) satellites, which are a part of NASA's Earth Observing System program. In the thermal bands, ASTER scenes have a spatial resolution of 90 m with a 1-2 week repeat interval. MODIS scenes have a 1 km pixel size and a 12-h repeat interval.
We selected MODIS scenes for this work from the set of Level 1B nighttime images of Northern Sumatra captured between August 1, 2013 and April 30, 2016. Each scene was manually inspected for minimal cloud cover before being downloaded from NASA's ladsweb archive (https://ladsweb.nascom.nasa.gov/). We use the MODIS Conversion Toolkit, a free plug-in available for the ENVI software (Exelis Visual Information Services), to georeference each MODIS scene and correct for the bow-tie effect (Coppola et al., 2012; Carr et al., 2016) . We correct for atmospheric effects by subtraction of a representative background region near Sinabung with similar vegetation cover and elevation, as in Coppola et al. (2012) and Carr et al. (2016) . A total of 653 scenes are used in this study. We estimate the time-averaged discharge rate (TADR) at Sinabung following the methods of Harris et al. (1997) and Harris and Ripepe (2007) where
where Q total is the sum of the radiative (Q rad ) and convective (Q conv ) components of heat flow away from the lava flow surface, ρ is density, C p is specific heat capacity, ΔT is the post-eruptive cooling of the lava, L is the latent heat of crystallization, and φ is the post-eruptive crystallization. Q total can be written
where A is surface area of the lava flow, ε is emissivity, σ is the StefanBoltzmann constant, T h is the lava surface temperature, h c is the convective heat transfer coefficient for an active lava flow, and T air is the average air temperature. We use values for emissivity (ε = 0.98 for andesite), specific heat capacity (C p = 1150 J kg ), and post-eruptive crystallization (φ = 0.45) as in Harris and Ripepe (2007) . We choose density (ρ = 2500 kg m −3 )
from Nakada et al. (2017) , lava surface temperature (T h = 50-110°C) from ASTER images (see following paragraphs), and average air temperature (T air = 20°C) based on best estimates for Sinabung (http://en. climate-data.org/). We correct both C p and ρ for 20% vesicularity (Harris and Ripepe, 2007 . The surface area of the lava flow (A) is found by summing the pixel fractions occupied by a hot source (at temperature T h ) for every pixel within a defined region around the active lava flow and multiplying by the pixel area (1 km 2 for MODIS). The pixel fraction is determined by a two-component temperature model as in Eq. (1) of Harris and Ripepe (2007) . This method assumes the area of the flow is cooling-limited and the flow is in a thermal steady-state (Harris and Baloga, 2009 ), resulting in flow area being proportional to effusion rate such that TADR represents the average effusion rate for a period of the eruption including the time of image acquisition (Wright et al., 2001) .
Multiple previous studies have shown these assumptions to be valid for first-order estimates of effusion rate through comparison to effusion rates derived by other methods (e.g., Harris et al., 1997; Carr et al., 2016) , although some caveats apply. This method does not distinguish between MODIS thermal anomalies caused by the lava flow and PDC deposits. The greatest source of error in this method occurs when T h varies significantly from the assumed value, as can happen when the flow interior is exposed immediately following a collapse event or clouds block observation. These conditions can result in anomalously high or low TADR estimates for a single image and explain why we generally focus on the long-term averages from our MODIS TADR time series. Additionally, through manual inspection, we know that cloud interference occurs more frequently than recent PDCs, meaning that the underestimates outnumber the overestimates, and thus TADR time series averages likely represent minimum values.
We used the ASTER Surface Kinetic Temperature higher-level data product (AST08) and selected both daytime and nighttime ASTER scenes through NASA's Reverb system (http://reverb.echo.nasa.gov/ reverb/). The surface temperature for each pixel is derived from the radiance observed by ASTER thermal bands (Bands 10-14, wavelength λ = 8.1-11.3 μm) after correcting for atmospheric effects using the thermal emissivity separation algorithm developed by Gillespie et al. (1998) . We corrected daytime images for the solar heating component of the surface temperature by subtracting the surface temperature of a background region near Sinabung from the average surface temperature of the lava flow. We estimated the surface temperature of the lava flow by taking the average of the pixels we identify as part of the flow. Manual identification of lava flow pixels prevents PDC deposits that also appear in each ASTER image from contaminating our surface temperate estimates. The range of T h = 50-110°C used in Eq. (2) is based on the average and maximum observed temperatures of the flow surface from multiple ASTER images in January and February 2014. Following Oppenheimer (1991) and Harris et al. (2002) , we use the heat conduction equation to estimate the thickness of the lava flow crust. Assuming a steady-state where the thermal conductivity of the flow crust (k), temperature of the flow core (T core ), and temperature of the flow surface (T h ) are constant in time, the crust thickness (δ) is
where q cond is the conductive heat flux in W/m 2 . We use k =2.5 W m Oppenheimer, 1991; Giberti et al., 1992; Harris et al., 2002) and Nakada et al. (2017) . We assume that all heat conducted to the flow surface is lost via radiation and convection so that q cond = (Q rad + Q conv )/A and Eq. (3) can be solved independently of flow area using T h values from individual ASTER images.
Flow models
We use flow lengths measured on visible satellite images in Google Earth™ and observations from the Sinabung Volcano Observatory (Global Volcanism Program, 2014a , 2014b to apply the flow models developed by Castruccio et al. (2013) . Castruccio et al. (2013) assume a steady, laminar flow on a slope. Flow advance is driven by gravity and resisted by forces under three different regimes, dominated by three different properties of the magma: 1) the Newtonian viscosity of the flow; 2) the yield strength of the flow core; 3) the yield strength of a cooled flow crust. Each resisting force acts on an area equivalent to the surface area of the base of the flow, assumed to be simply flow length times width. Inertial terms are ignored because flow velocity and velocity gradient are small relative to flow density and viscosity.
1 Given the simplifying assumptions above, the driving and resisting forces are set to be equal to one another. Solving this force balance for the flow length (L) gives
for the Newtonian case (from Eq. (12), Castruccio et al., 2013) , where i represents a time step of flow advance, V i is the lava volume added in each time step, ρ is density, g is gravitational acceleration, t i is the duration of the time step, β i is the slope at the flow front at each time step, μ i is the viscosity of the lava at each time step, and W i is the flow width at the flow front at each time step. For the yield strength of the core case, the flow length is
(from Eq. (15), Castruccio et al., 2013) , where σ yi is the core yield strength of the lava at each time step and i, V i , ρ, g, β i , and W i are defined as in Eq. (4). For the yield strength of the crust case, the flow length is ).
(from Eq. (19), Castruccio et al., 2013) , where σ ci is the crust yield strength of the lava at each time step, δ is the crust thickness, and i, V i , ρ, g, β i , and W i are defined as in Eq. (4). In Eq. (6) the crust thickness δ is assumed to be increasing by conductive cooling such that
where κ is the thermal diffusivity (~10 −6 m 2 s −1
) and t is the duration of the eruption (Castruccio et al., 2013) . The summation form presented here and in Castruccio et al. (2013) allows for each of the variables to change during flow advance in order to better capture the evolution of the flow as it advances.
We choose a time step of 10 5 s (~1.2 days). We scale flow width to progressively increase by W i = 1.016W i−1 from an initial value of 400 m to a final value of 1050 m constrained by satellite observations. Basal topographic slope (β) is calculated using a 5 m pre-eruption ( Nakada et al. (2017) . We determined best-fit values for μ, σ y , and σ c by solving Eqs. (4)-(6) for a range of possible values and minimizing the misfit of the flow length calculated by the model to the observed flow lengths. Additionally, we apply the methods of Kerr and Lyman (2007) and Lyman et al. (2004) to independently estimate crust and core yield strength and compare to our results based on the models of Castruccio et al. (2013) . The crust-controlled advance model used by Kerr and Lyman (2007) gives the flow length as
where c c is an unknown constant, Δρ is the density difference between the lava and ambient air (and so can be considered equivalent to ρ defined above), q is the erupted lava volume per unit flow width, and g, s c , k and t are defined as in previous equations. As q is equivalent to V/W for an eruption of duration t, Eq. (8) above is identical to Eq. (18) in Castruccio et al. (2013) -with the exception of the slope term sin(β) included by Castruccio et al. (2013) -and can be used to model flow advance in the same way as Eq. (6) above. For comparison, we apply the model using the same variable effusion rate, time step, and width as described above for our application of the Castruccio et al. (2013) models. The work of Lyman et al. (2004) presents a means to estimate the yield strength of a lava flow knowing the slope underlying a flow and 
where Q is the effusion rate, σ 0 is the "isothermal yield strength" which we equate to σ y , the core yield strength, and t s is the time needed for the magma surface to cool from its erupted temperature to its solidification temperature (Lyman et al., 2004) . We use Q from our observations at Sinabung and t s for andesite from Table 2 in Lyman et al. (2004) . We estimate Ψ b based on the observed flow morphology and underlying slope at different times during the Sinabung eruption using Fig. 3 in Lyman et al. (2004) and then solve Eq. (9) for the yield strength.
Results
Flow advance
A combination of satellite images (Fig. 1) , observations from the Sinabung Volcano Observatory (Global Volcanism Program, 2014a , 2014b , and ground-based photogrammetry (Carr et al., 2018) show the advance of the Sinabung lava flow over the course of the eruption (Fig. 3) . (Fig. 1) as newly erupted lava fed into the breakout lobes rather than into the initial flow ( Fig. 2b  and c) . Fig. 3 also shows that the slope of the topography underlying the flow is relatively constant for the flow front locations from March through September 2014. This observation suggests that any decreases in flow advance rate during or after March 2014 were not driven by topographic slope and may be due to changes in effusion rate, emplacement mechanism, or flow width. We do not have sufficient data to comment on whether flow advance rate changed when the flow crossed the primary break in slope in late January of 2014. Thermal images show that the style of flow advance varies with the flow advance rate. Rapid flow advance was uniform (e.g., February 2014), as seen in an ASTER image from February 26 (Fig. 3a, arrow) in which the flow front appears as a continuous arcuate hot spot. As flow advance slowed, parts of the flow front cooled. A 22 September 2014 ASTER image shows two separate hot spots along the front (Fig. 3b, arrows) , suggesting advance was occurring in isolated breakout lobes.
We use both Eqs. (3) and (7) to estimate the thickness of the flow crust throughout the eruption (Fig. 4) . Six ASTER images show that average flow surface temperatures decreased from 50 to 60°C in JanuaryFebruary 2014 to 25°C by June-September 2014. The crust thicknesses calculated from the ASTER surface temperatures (dots, Fig. 4) generally agree with the model of crust growth by conductive cooling (line, Fig. 4 ) used by Castruccio et al. (2013) , which suggests that the use of Eq. 7 for approximating crust thickness is reasonable. Both Eqs. (3) and (7) 
Eruption phases
The maximum Band 21 (central λ = 3.959 μm) pixel radiance from a MODIS scene over Sinabung is a good proxy for intensity of the eruption (Fig. 5) . High radiance values correspond to both lava with a thin surface crust and exposed flow interior that results from lava collapses and PDCs, which are both more common when eruption intensity is high. The trends in Fig. 5 allow us to identify four main phases of lava flow emplacement at Sinabung. We thus divide both the lava flow phase and the second lava dome and collapse phase of Pallister et al. (this issue) and Gunawan et al. (2017) into two parts. The 'flow advance phase' (10 January to 31 March 2014) is characterized by frequent high-radiance pixels, as both effusion and flow advance rates were relatively high, the flow crust was relatively thin, and PDCs were relatively common, resulting in high surface temperatures easily observed by MODIS. Over 80% of the lava flow's final 2.9 km length was emplaced during this phase. We detect nearly no MODIS thermal anomalies during the 'flow inflation phase' (1 April to 30 September 2014). Lava collapse-generated PDC activity also significantly decreased during this second phase (Global Volcanism Program, 2014b) , which limited the exposure of the hot interior of the flow that could be detected by MODIS. Despite the lack of thermal anomalies and lower flow advance rates, lava effusion continued at a moderate rate such that the majority of the flow's final volume of 1.0 × 10 8 m 3 (Carr et al., 2018) was emplaced during this inflation phase. The 'first breakout phase' began in early October (Breakout 1, Fig. 5 ) when the flow inflated to the point where it overtopped a confining ridgeline on the south side of the flow near the summit, became gravitationally unstable, and collapsed (Gunawan et al., 2017; Pallister et al., this issue; Carr et al., 2018) (Fig. 2) . Growth of a new lava lobe in the collapse scarp and frequent PDCs resulted in many thermal anomalies in MODIS scenes (Fig. 5) . The first collapse and breakout phase ended in late April 2015, and was followed by a month of relatively low activity before the "second breakout phase" began on 1 June 2015 (Breakout 2, Fig. 5 ). This collapse occurred on the opposite (east) side of the flow and PDC activity was renewed as a new lava lobe began to form. This phase of the eruption is ongoing as of this writing (June 2017) and consists of continued lava effusion, occasional small explosions, and daily collapse of the lava lobes generating PDCs, one of which caused 7 fatalities on 21 May 2016 (Global Volcanism Program, 2017; Pallister et al., this issue).
The TADR derived from MODIS images using Eqs. (1) and (2) show that the highest rates occurred during the flow advance phase (Fig. 6) , with less frequent high rates also occurring during the two breakout phases. The lowest TADR occurred during the inflation phase. Individual (Carr et al., 2018) . We attribute this discrepancy to a combination of insulation by the flow crust and frequently cloudy weather that reduced the ability of satellite thermal images to consistently detect an effusive eruption. In other words, MODIS-derived extrusion rates may be underestimates (or unreliable) when emplacement is dominated by inflation into a cooling, intact crust and/or when there is frequently cloudy weather. TADR estimated from MODIS images after September 2014 are likely more representative of the actual rates as lava was no longer being extruded into the insulated flow and was instead flowing onto the surface in the new lava lobes on the upper flank (Global Volcanism Program, 2014b , 2015 . These lobes also frequently collapsed and rebuilt themselves (Pallister et al., this issue) , preventing a thick insulating crust from developing ( Nakada et al. (2017) , respectively, consistent with our MODIS-based results.
Flow advance modeling
Two significant drops in flow advance rate were observed at Sinabung in 2014, one in March and one in June (Section 3.1). To understand the causes of these transitions, we applied each of the flow advance models of Castruccio et al. (2013) (Eqs. (4)- (6)) to the time series of observed flow lengths during emplacement of the Sinabung lava flow (Fig. 7) . The Newtonian model (Eq. (4)) is able to fit only the first six data points (10 January to 13 March 2014), and we find a best fit of the model to those six data points with a viscosity μ = 1.5 × 10 10 Pa-s (blue line, Fig. 7 ). When we use a constant effusion rate of 4.8 m 3 s −1 (Carr et al., 2018) the crust-controlled model (Eq. (6)) best fits the first six data points with a crust yield strength σ c = 2.2 × 10 6 Pa (red dashed line, Fig. 7 ).
Neither model alone is able to account for the decrease in flow advance rate that occurred during the March 2014 transition (Fig. 3) . We improved the fit slightly by combining the crust-controlled model with the core-controlled model (Eq. (5)), with the transition between the two models occurring in mid-March 2014. The best fit for this model (purple dashed line, Fig. 7 ) uses the same crust yield strength as the red-dashed line and a core yield strength σ y = 7.6 × 10 5 Pa.
The best overall fit to the observations is achieved when we use variable effusion rates as constrained by observations. Based on the data presented above (Fig. 6 and Pallister et al., this issue), we chose an initial effusion rate of 9.0 m 3 s −1 decreasing to 3.0 m 3 s −1 on 15
March 2014. Applying these rates with the crust-controlled model fits the first eight data points (through 13 June 2014) with a crust yield strength σ c = 7.6 × 10 6 Pa and can account for the initial decrease in flow advance rate in March 2014 without changing the controlling Fig. 7 . Modeling of the Sinabung lava flow advance. We applied models for lava flow advance as in Castruccio et al. (2013) to determine the mechanism controlling flow advance. Blue line and points are observational data from the Sinabung Observatory (GVP, 2014a (GVP, , 2014b , satellite images, and photogrammetry (Carr et al., 2018) . Curves show the best fit to the observations for each model type. Dashed lines are models with a constant effusion rate and solid lines are models with a variable effusion rate (see text for details). Newtonian viscosity (μ) units are Pa-s and units for yield strength of the crust (σ c ) and core (σ y ) are Pa. The model with the best overall fit to the data is a crust-and core-controlled model with a transition between controls in mid-June 2014 (green line). This line deviates from the observations in late 2014 (~day 350), when erupting lava stopped feeding the main flow (eruption day~300). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) mechanism (yellow line, Fig. 7 ). Our application of the crust-controlled flow advance model of Kerr and Lyman (2007) results in a best fit to the first eight data points when crust yield strength σ c = 2.3 × 10 7 Pa, a factor of 3 larger than our result using the model of Castruccio et al. (2013) . This is similar to the factor of 4 difference in crust yield strength estimates for Lonquimay made by Kerr and Lyman (2007) and Castruccio et al. (2013) . For the June 2014 transition in flow advance rate, combining the variable effusion rate with a transition from crust-controlled to corecontrolled models results in a decreasing flow advance rate in the latter half of 2014, matching the observational data through 22 September (green line, Fig. 7 ). This model (green line, Fig. 7 ) results in the best overall fit to the data when core yield strength σ y = 1.1 × 10 6 Pa. This model deviates from the data in October 2014 as the flow stopped advancing due to the first lava collapse and breakout event on the upper flanks that began at that time (Global Volcanism Program, 2014b , 2015 . Given the better fit of the model when we include a decrease in effusion rate in mid-March 2014, we favor a change in effusion rate as the cause of the decrease in flow advance rate for the March transition (Fig. 3) , as opposed to a change in the controlling mechanism of flow emplacement or the underlying topographic slope. We attribute the subsequent subtler decrease in average advance rate in June 2014 to the transition between flow advance control mechanism, from yield strength of the crust to yield strength of the core. The June transition likely occurred as the flow increased in thickness and the interior cooled, raising its yield strength. Crust-controlled flow advance is also correlated to uniform advance of the flow front, while core-controlled advance is dominated by breakout lobes along the flow front (lobes discussed in Carr et al., 2018) .
Based on visual inspections of images and the descriptions of Lyman et al. (2004) , the Sinabung flow appears to have 'Platy' to 'No-Crust' morphology (Ψ b = 3.0-30, Table 1 , Lyman et al., 2004) early in its emplacement and then appears to have transitioned to a more "LobatePlaty" morphology (Ψ b = 0.3-3.0, Table 1 , Lyman et al., 2004) as the eruption continued and effusion rate decreased. Using estimated changes in the underlying slope and effusion rate during flow emplacement, we find that a core yield strength of σ y = 2 × 10 5 Pa presents the best solution based on Eq. (9) above and Fig. 3 from Lyman et al. (2004) .
Discussion
This study supports and advances previous work on the Sinabung eruption and other intermediate to silicic composition lava flows. Carr et al. (2018) find that in September 2014 flow advance at the front was located in distinct breakout lobes. This observation is supported by the 22 September 2014 ASTER image (Fig. 3b ) that shows regions of relatively high temperature in the breakout lobe regions identified by Carr et al. (2018) . Breakout lobes along the flow margins were also observed in the later stages of the 2011-2012 rhyolite eruption of Cordón Caulle (Tuffen et al., 2013) . The advance rate of the Cordón Caulle lobes was a few meters per day while the average advance rate of the flow front was~1 m d −1 (Tuffen et al., 2013) , both similar to rates we observe at Sinabung (Fig. 3) . Our measurements of flow advance rate, crust thickness, and flow surface temperature are similar to observations of lava flows at Santiaguito. Harris et al. (2002) reported a flow advance rate of 12.5 m d
, similar to the average rate at Sinabung for the first eight months of the eruption. Santiaguito flow surface temperatures were 40-111°C compared to 50-110°C at Sinabung based on our analysis of ASTER images from January and February 2014. Harris et al. (2002) also use Eq. (3) to estimate crust thicknesses of 1.9-3.4 m at Santiaguito, compared to our estimates of 1-5 m at Sinabung during 2014. Harris et al. (2002) noted that the thickening crust insulated the flow at Santiaguito, a process we also observe at Sinabung, limiting the use of thermal data for estimating effusion rate, especially during lava flow inflation into a thick yet flexible crust (Fig. 5) . For example, the lack of thermal anomalies and the significant underestimation of effusion rate from MODIS images in April-September 2014 (Figs. 5,  6 ), despite continued effusion, is a likely result of insulation from the thickening crust.
Our results also suggest a decreasing effusion rate as lava flow emplacement progressed. Nakada et al. (2017) estimate an effusion rate of 0.5-1.0 m 3 s −1 based on lava lobe volume measurements and the frequency of PDCs, which is slightly lower than our estimate of 1-2 m 3 s −1 based on satellite TIR observations. All effusion rate estimates (this study; Nakada et al., 2017; Pallister et al., this issue) show the same decreasing trend over the course of the entire eruption. Decreasing effusion rate is typical of long-lived eruptions (e.g., Wolpert et al., 2016) . Furthermore, Bayesian statistical models developed by Wolpert et al. (2016) based on data from multiple historical intermediate to silicic effusive eruptions gives a 50% probability that the Sinabung eruption will continue until 2019. This prediction, combined with our June 2016 volume estimate of 0.2 km 3 and the average effusion rate of 1-2 m 3 s −1 from our MODIS estimates, suggests that the eventual total volume of extruded magma for the Sinabung eruption may reach 0.3-0.5 km 3
. Our favored estimates for the yield strengths of the crust (σ c = 7.6 × 10 6 Pa) and core (σ y = 1.1 × 10 6 Pa) using the methods described in Castruccio et al. (2013) (Fig. 7) are factors of two and seven greater, respectively, than the crust and core yield strengths found for a flow of similar composition at Colima (σ c = 4.23 × 10 6 Pa; σ y = 1.61 × 10 5 Pa) using those same methods (Castruccio et al., 2013) . Our yield strength estimates for Sinabung are also more than an order of magnitude greater than those found by Castruccio et al. (2013) for an andesite flow at Lonquimay. Our core yield strength estimate using Castruccio et al. (2013) is a factor of five larger than the yield strength we estimate based on Lyman et al. (2004) (compare 1.1 × 10 6 Pa and 2 × 10 5 Pa). Our estimate of core yield strength from Lyman et al. (2004) is double the yield strength of andesite listed in Table 1 of Lyman et al. (2004) (compare 2 × 10 5 and 1 × 10 5 Pa).
Pallister et al. (this issue) describe the Sinabung lava as being especially crystal-rich, which would serve to increase the yield strength to values higher than expected based solely on its bulk composition. Kerr and Lyman (2007) also state that the andesite at Lonquimay was crystal-poor. Thus, the discrepancies between the Sinabung flow and other lava flows of similar composition may be due to the crystal content of the lava. We further attribute higher yield strength estimates for the Sinabung lava to the fact that the flow was less insulated throughout much of the eruption than other intermediate to silicic flows, allowing the core to cool more quickly and the yield strength to increase as a result. This condition may in part have been caused by the lack of a flow channel once the Sinabung flow reached the lower flank of the volcano in early February 2014 and lack of corresponding insulating channel walls (as were observed at Santiaguito, Harris et al., 2002) . The lava flows at Santiaguito (Harris et al., 2002 (Harris et al., , 2004 , Colima (Navarro-Ochoa et al., 2002) , Lonquimay (Kerr and Lyman, 2007) , and Cordón Caulle (Tuffen et al., 2013) were also more mobile, with final lengths of 4.1, 3.8, 10.2, and 3.6 km, respectively, and thinner than the Sinabung lava flow. These comparisons further support the idea that the Sinabung lava flow was more crystal-rich and cooled more rapidly than the other intermediate to silicic flows discussed here, resulting in higher yield strengths, lower flow advance rates, and flow inflation rather than continued propagation.
The Sinabung lava flow also serves to indicate the limitations of applying the models of Castruccio et al. (2013) . The absence of a channel during much of the flow duration allowed the flow at Sinabung to spread laterally to 1 km in width at the flow front and develop separate lobes, as noted in Pallister et al. (this issue) , Nakada et al. (2017), and Carr et al. (2018) . Lateral spreading decreases the flow advance rate compared to a channelized flow where flow growth is directed only downslope. However, we account for this in Eqs. (4)-(6) by progressively increasing the flow width with each time step. We also tested a two-step approach to flow width, where width was kept constant for the first 1000 m of flow length, to simulate confinement by the walls of the valley down which the flow advanced, followed by a linearly increasing width beyond 1000 m in length. This approach did not produce significantly different results compared to those of the progressivelyincreasing flow width model we report here. Pallister et al. (this issue) and Nakada et al. (2017) also note that during the first weeks of emplacement the flow front would frequently collapse and generate PDCs. These collapses remove volume and length from the flow, which is not accounted for in the models of Castruccio et al. (2013) , and may result in an overestimation of yield strengths because the flow is shorter than it would have been had the collapses not occurred. However, even extreme estimates of flow length lost due to collapse (e.g., 500 m) result in a change in estimated yield strength of less than a factor of 5, leading us to conclude that the Castruccio et al. (2013) method is accurate for estimating yield strengths to within an order of magnitude. Furthermore, we acknowledge that the decrease in flow advance rate in June 2014 (Figs. 3; 7) , rather than being caused by a transition from crust-to core-controlled flow as described above, may have instead been caused by a redirection of the lava into separate flow lobes. Based on a visible satellite image, Pallister et al. (this issue) describe the flow in June of 2014 as having "successive, vertically-stacked flow lobes" with the far southern extent of the flow (Fig. 1) being older than the eastern extent of the flow, which is described as actively inflating over the earlier lobe. Nakada et al. (2017) also identify these two separate lobes along the flow front and note that their separation was likely caused by a small topographic divide whereby the northeastern lobe, which was lower in elevation, continued to advance while the southwestern lobe stopped. The highest rates of flow advance (3-11 m d −1
) were observed at the front of this eastern lobe, in September 2014 (by Carr et al., 2018) . However, Carr et al. (2018) also observed possible ongoing flow advance along the southern flow front in September 2014, suggesting this lobe remained active after June or was reactivated. Considering also that our results ( Fig. 3a and b) suggest that breakout lobes tend to be associated with slower, core-controlled flow advance, we interpret the observations of two flow lobes by Pallister et al. (this issue) and Nakada et al. (2017) to be a consequence of, rather than an alternative explanation for, a transition from crust-to core-controlled flow advance. Given that we account for increasing flow width in our application of Eqs. (4)- (6) and the two-lobe flow front morphology had not yet developed in March 2014 when flow advance rate first significantly slowed, a decrease in effusion rate at that time followed by a transition from crust-to core-controlled flow advance remains a probable explanation for observed trends.
The mechanism controlling flow advance may also be related to the intensity of eruptive activity. Castruccio et al. (2013) find a best fit of their models to the flow advance data for Santiaguito and Colima using only Eq. (6) (yield strength of the flow interior). We use a combination of crust-and core-controlled advance to best fit the Sinabung data. Effusion rates during the first three months of the Sinabung eruption were higher than those at Santiaguito (~0.5 m 3 s show that higher effusion rates favor crust-controlled flow advance. The observed correlation between higher effusion rate and higher PDC frequency (Nakada et al., 1999; Calder et al., 2002; Carr et al., 2016) may then imply that lava collapse-generated PDCs are more common when flow advance is crust-controlled. This correlation is consistent with observations at Sinabung where PDCs were most frequent in January-March 2014. Alternatively, this trend may be the result of slope steepness, as lava collapse-generated PDCs are more likely when slope is steeper (Harris et al., 2002) and crust-controlled flow advance is also more likely on steeper slopes (Lyman et al., 2004) .
Conclusions
Based on data and interpretations presented here and in Carr et al. (2018) , Pallister et al. (this issue) , Nakada et al. (2017) and Gunawan et al. (2017) , we conclude by describing the emplacement of the Sinabung lava flow. The lava flow began in early-mid January 2014, advancing at a rate of 20-70 m d −1 (Fig. 3) ) ( Fig. 6 ; Pallister et al., this issue). Flow advance rate decreased from late March through early June as the effusion rate decreased to~3 m 3 s −1 (Fig. 7) in mid-March and the crust thickened to 4 m by June (Fig. 4) . During this period, flow advance was controlled by the yield strength of the thickening crust ( Fig. 8a and b ; crust yield strength 7.6 × 10 6 Pa). As flow advance slowed, the style of advance changed from uniform along the front (Figs. 3a, 8b ) to isolated breakout lobes (Figs. 3b, 8c) . In mid-June, the flow transitioned from crust-controlled to core-controlled as flow advance rate decreased further ( Figs. 3; 7 ; core yield strength 1.1 × 10 6 Pa) and the flow inflated to accommodate the increasing volume from continuing effusion (Fig. 8d) . Flow advance remained controlled by the yield strength of the flow interior until the flow stopped advancing in late 2014-early 2015. Inflation of the flow caused the lava to overtop ridges that had originally confined the flow to a valley on the upper flanks of the volcano (Carr et al., 2018) . This overtopping led to large gravitational instabilities in the flow that collapsed in October 2014 and June 2015 (Figs. 2, 8e ). New lava lobes grew out of these collapse scars, cutting off the flow of fresh magma feeding the original flow lobe. As of this writing, a relatively low effusion rate of 1-2 m 3 s −1 (Fig. 6 ) continues to feed these lobes, which frequently partially or fully collapse and generate PDCs (Global Volcanism Program, 2017) . These processes are similar to those observed at other intermediate to silicic lava flows such as those at Santiaguito Volcano, Colima Volcano, and Cordón Caulle Volcano, and like those eruptions, also show similarities to processes of flow emplacement observed at basaltic eruptions, despite estimated yield strengths at Sinabung that are 2-3 orders of magnitude greater than typical values for basalt and a factor of two to seven greater than other intermediate to silicic eruptions (Fink and Griffiths, 1998; Lyman et al., 2004; Castruccio et al., 2013) . The higher yield strengths at Sinabung are likely due to the crystal-rich nature of the lava (Pallister et al., this issue ) and higher cooling rates compared to similar flows. This study provides a remote sensing-based workflow for documenting lava flow emplacement during ongoing eruptions that can be used to better understand lava flow processes and associated hazards at other current and future effusive eruptions, regardless of lava composition.
